ABSTRACT RNAs larger than about 6 S prepared from etioplasts of dark-grown maize seedlings, and from plastids at later stages of light-induced development, were labeled in vitro and hybridized to separated fragments of maize chloroplast DNA digested with endonucleases. The major nonribosomal RNA present in developing plastids, but virtually undetectable in etioplasts, hybridizes to chloroplast DNA Bam fragment 8 and has been mapped on the maize plastid chromosome. Other aliquots of RNA from plastids were translated in a rabbit reticulocyte-derived system. Developing plastids and mature chloroplasts, but not etioplasts, contain mRNA for an approximately 34,500 dalton po-ypeptide. The simultaneous appearance, during light-induced maize plastid development, of RNA which hybridizes to Bam 8 and is translated into a 34,500 dalton protein indicates that photoregulated expression of a single gene iS being observed.
The maize chloroplast chromosome (1) is large enough to encode more than 100 different gene products of average size. Direct physical evidence has shown that maize chloroplast DNA contains two copies of the chloroplast rRNA genes (2, 3) . DNA sequences complementary to most of the tRNAs isolated from chloroplasts (4, 5) have also been found in chloroplast DNA. Chlamydomonas reinhardi chloroplast ribosomal protein LC4 (6) is inherited uniparentally (7) and has been mapped by transmission genetics to a site on the chloroplast genome (8) . Maternal inheritance in Nicotiana species (9) and direct physical mapping in maize (10) show that chloroplast DNA encodes the large subunit of the enzyme ribulose bisphosphate (RuBP) carboxylase. These few known gene products account for only about 10% of the total chloroplast DNA sequences. Yet, quantitative hybridization studies between chloroplast RNA and chloroplast DNA show that RNA sequences complementary to at least all of one strand of the chloroplast genome are present in mature tobacco (4) and maize (unpublished data) chloroplasts.
Here we describe results of experiments designed to identify and to map Zea mays chloroplast DNA sequences (other than those for rRNA and tRNAs) encoding chloroplast RNA species that appear or increase during light-induced plastid development.
Plastids of dark-grown seedlings develop only to the characteristic etioplast stage. Illumination results in maturation of plastids: chloroplast RNA polymerase activity increases, chlorophyll accumulates, new membrane proteins and lipids appear, etc. (11, 12) . In the present experiments, RNA was isolated from etioplasts and plastids at various stages of light-induced development. The and gel electrophoresis. A polypeptide of about 34,500 daltons is a major in vitro translation product of chloroplast RNA but little, if any, is formed when etioplast RNA is used as a template. In the hybridization experiments, we measured the relative pools of RNA complementary to different endonuclease-generated fragments of maize chloroplast DNA at various times during chloroplast development and found that the quantity of plastid RNA hybridizing to one region of the genome increases greatly.
Three developmental events are closely related in time and magnitude of occurrence during photoregulated maturation of maize etioplasts: the appearance of a membrane polypeptide of about 34,500 daltons in vivo (13, 14) , the quantity of this polypeptide synthesized in vitro from isolated plastid RNA, and the extent of hybridization of plastid RNA to a specific region of chloroplast DNA. We judge transcription from this region to be part of the program of maize plastid photodevelopment. (20) .
MATERIALS AND METHODS
Isolation of Plastids. Plastids of different developmental stages were isolated from young leaves and purified by sucrose gradient centrifugation as described (21, 22 sodium triisopropylnaphthalenesulfonate/150 mM NaCI/2.5 mM MgCl2/50 mM Tris-HCl, pH 7.6. RNA was then extracted with phenol/chloroform by the procedure of Sagher et al. (23) which is a modification of the earlier method described by Penman (24) . Contaminating DNA was digested with DNase I (Sigma, RNase-free), 20 ,gg/ml for 20 min at 0°. After repeated precipitations with alcohol and centrifugation, the final pellet was dried under vacuum and dissolved in 20 mM Tris-HCI, pH 7.6 /200mM sodium acetate/2 mM EDTA. Samples were layered over a linear gradient of 5-20% (wt/vol) sucrose in the same buffer and centrifuged for 16 hr at 23,000 rpm in an SW 27 rotor (Spinco) at 4°. Fractions were collected after piercing the bottom of the tube and their absorbance at 260 nm was determined. RNA from the lower portion of the gradient (i.e., larger than about 6 S) was pooled, precipitated with alcohol, and washed twice. The final precipitate was dried and dissolved in sterile water. Mann), and 0.5 ml of water-saturated redistilled phenol. After homogenization, the phases were separated by centrifugation and the aqueous layer was removed. Nucleic acids were recovered by ethanol precipitation. The precipitate was washed twice with 70% ethanol and the final precipitate was dried in a vacuum desiccator and resuspended in water.
RNA-DNA Hybridization. RNA radiolabeled in vitro was hybridized to DNA on nitrocellulose filters in two ways. RNA in 0.15 ml of 0.75 M NaCl/75 mM sodium citrate, pH 7.0, containing 50% formamide was used to wet DNA-containing filter strips. The filters were wrapped in self-adhesive plastic and incubated at 42°for 24 hr. Alternatively, RNA in 0.5 ml of 0.3 M NaCl/0.03 M sodium citrate along with filter strips were incubated at 620 with vigorous shaking for 16 hr. After the incubation period, strips were washed exhaustively in 0.15 M NaCl/0.015 M sodium citrate, pH 7.0, at 650. Filters were dried, mounted on glass plates, and exposed to x-ray film.
In Vitro Translation of Chloroplast RNA and Polyacrylamide Gel Electrophoresis. Chloroplast RNA was translated in vitro by using a system derived from rabbit reticulocytes (26) and the conditions described by Coen et al. (10) but omitting E. coli RNA polymerase and the transcription step. In vitro translation products were fractionated by polyacrylamide gel electrophoresis as described (27) .
RESULTS
Detection of "mRNA" Species in Maize Chloroplasts by DNA-RNA Hybridization. Fig. 1 Hybridization of chloroplast ribosomal and total RNAs from chloroplasts to Zea mays chloroplast DNA. RNA from chloroplasts was prepared, labeled, and hybridized to chloroplast DNA fractionated on agarose gels. Lanes a, d, and g, fluorescence of DNA after ethidium bromide staining of agarose gels. Bands are numbered sequentially for each set of digestion products from largest (top) to smallest (bottom) (19) . Lanes b, c, e, f, h, and i: radioautographs of nitrocellulose filter strips. Lanes: a, chloroplast DNA digested with Sal'I and electrophoresed (from top to bottom) on 0.75% agarose gels; b, hybridization of chloroplast ribosomal RNA to the Sal I fragments; c, hybridization of total chloroplast RNA to the Sal I fragments; d, chloroplast DNA digested with BamHI and electrophoresed on 1% agarose gels; e, hybridization of chloroplast ribosomal RNA to the BamHI fragments; f, hybridization of total chloroplast RNA to the BamHI fragments; g, chloroplast DNA digested with EcoRI and electrophoresed on 1.5% agarose gels; h, hybridization of chloroplast ribosomal RNA to the EcoRI fragments; i, hybridization of total chloroplast RNA to the EcoRI fragments.
RNA prepared from purified chloroplasts was subjected to sucrose density gradient centrifugation and the fraction of RNA sedimenting with an S value greater than 6 was pooled, concentrated, and labeled in vitro with [s2P]phosphate. This RNA, along with purified ribosomal RNA as a control, was hybridized to chloroplast DNA fragments produced by digestion with the endonucleases Sal I, BamHI, and EcoRL. Autoradiography was used to detect those chloroplast DNA fragments to which RNA hybridized.
In Fig. 1, lanes a, d, and g show the distribution of DNA fragments after digestion with Sal I, BamHI, and EcoRI, respectively, and electrophoresis on agarose gels. Lanes 1 b, e, and h show those DNA fragments hybridized by chloroplast ribosomal RNA. The mapping of rRNA genes has been described in detail (3). Lanes 1 c, f, and i demonstrate that total chloroplast RNA includes species hybridizing to DNA bands other than those containing rRNA genes.
The quantity of RNA hybridizing the DNA fragments is not proportional to the length of the DNA fragment. This indicates that the relative sizes of RNA pools maintained in chloroplasts, and complementary to different regions of the chloroplast genome, are related to the region in the genome from which the RNAs are transcribed. For example, every DNA fragment produced by BamHI is hybridized by chloroplast RNA (Fig.  1, lane f) BamHI, fractionated electrophoretically on 1% agarose gels (shown in lanes a, c, e, and g), and transferred to nitrocellulose filters (20) . Quantitative hybridization experiments showed that "the total chloroplast RNA preparations" are at least 90% rRNA by weight. Other lanes: b, plastid RNA from dark-grown leaves hybridized to BamHI fragments of chloroplast DNA; d, plastid RNA from darkgrown leaves exposed to light for 6 hr and hybridized to BamHI fragments of chloroplast DNA; e, plastid RNA from dark-grown leaves exposed to light for 16 hr, hybridized to BamHI fragments of chloroplast DNA; h, chloroplast RNA from light-grown leaves hybridized to BamHI fragments of chloroplast DNA. complementary to Bam fragment 9 might be expected in young leaves because this fragment is known to contain the structural gene for the large subunit of the major soluble protein, RuBP carboxylase (10); the products of genes on fragment 17 have not been identified. The differential hybridization to DNA fragments is a reproducible pattern seen in many experiments using RNA prepared from four different sets of plants. The hybridization pattern is also independent of the extent of RNA hydrolysis. RNA eaves. In attempts to determine if the quantity of RNA in chloroplasts complementary to various regions of the chloroplast genome changed during chloroplast development, we hybridized in vitro labeled RNA prepared from maize plastids at various stages in their light-dependent development to separated endonuclease fragments of plastid DNA. Plants were germinated and grown in the dark for 7 days. Some were then exposed to the light for 6 and 16 hr. The unilluminated as well as illuminated dark-grown seedlings, along with plants germinated and grown in the light for 7 days, were used to prepare plastid RNA. Fig. 2 shows the hybridization of these RNAs to chloroplast DNA fragments produced by BamHI. The strong hybridization to bands 1, 4, and 13 by chloroplast rRNA (3) can be used to normalize the amounts of RNA complementary to DNA in other bands.
Hybridization to band 9, relative to rRNA, was greater with RNA from plastids of dark-grown plants illuminated for 6 or 16 hr (Fig. 2, lanes d and f) than from illuminated ones (Fig.  2, lane b) . Even less of the RNA from plastids of light-grown seedling hybridized (Fig. 2, lane h) to this DNA. Bam 9, one of the two equal-sized plastid DNA fragments contained in band 9, bears the DNA sequence encoding the large subunit of RuBP carboxylase mRNA (10) . Thus, the RNA hybridizing to band 9 is, at least in part, RuBP carboxylase mRNA.
In (Fig. 2, lane h) over that from dark-grown tissue (Fig. 2, lane b) , must be hybridizing that region of 8 not common with the DNA sequence in band 6 because no corresponding change in the amount of hybridization to band 6 was observed. This information has been used in constructing Fig. 3 which assigns 4 . In vitro translation products of plastid RNA from darkand light-grown leaves. RNA prepared from the same tissue samples described in the legend to Fig. 2 Fig. 2 were used to direct an in vitro translation system from rabbit reticulocytes (26) . Fig. 4 shows that plastid RNAs from leaves of dark-grown (Fig. 4, lane c) and light-grown Z. mays plants (Fig. 4, lane g ) direct the synthesis of several polypeptides not found in the minus-RNA control (Fig. 4, lane a) . In particular, plastid RNA from light-grown tissue directed the synthesis of a large amount of an approximately 34,500 dalton polypeptide. The synthesis of this polypeptide was stimulated to a much lesser extent, if at all, by plastid RNA from dark-grown tissue (Fig. 4, lane c) than by plastid RNA from leaves of dark-grown plants illuminated for 6 (Fig. 4, lane d) or 16 hr (Fig. 4 , lane e) before harvest.
To test the possibility that the RNA stimulating the synthesis of the 34,500 dalton polypeptide was lost during preparation of plastids from dark-grown leaves, total leaf RNA was prepared from dark-grown plants and tested as a template in the in vitro system. This RNA did not stimulate the synthesis of a significant amount of 34,500 dalton polypeptide although the synthesis of several others was promoted (Fig. 4, lane b) . Thus, the mRNA for the 34,500 dalton protein was not lost during etioplast isolation. Total RNA from green leaves stimulated the synthesis of copious amounts of this polypeptide (Fig. 4, lane g ).
The data in Fig. 4 indicate that an RNA species that directs the synthesis of a 34,500 dalton polypeptide in an in vitro translation system accumulates in illuminated plastids. Figs. 2 and 4 indicate that the increase in pool size DISCUSSION Hybridization of chloroplast RNA larger than about 6 S to chloroplast DNA fractionated by restriction endonucleases and gel electrophoresis has revealed RNA species in chloroplasts other than rRNAs. These experiments also show that the relative size of the pool of a given RNA species in the chloroplast depends on two factors: (i) the region of the genome from which the RNA is transcribed, and (i) the stage in chloroplast development at which the RNA is prepared.
Chloroplasts from young light-grown Z. mays leaves contain relatively large amounts of >6S RNA hybridizing to two regions of the chloroplast genome other than the ribosomal genes (Fig.  1) . One of these RNAs hybridizes to Bam fragment 9, the chloroplast DNA sequence known to encode RuBP carboxylase (10) . The other RNA (or RNAs) map to a position just outside the inverted repeat sequence in chloroplast DNA (19) .
Although the coding properties of the latter region of the genome have not been determined directly, the correspondence, in time-course experiments, between the extent of RNA hybridizing to this region and the extent to which chloroplast RNA directs the synthesis in vitro of a 34,500 dalton polypeptide suggests that this region of the chloroplast genome may encode the 34,500 dalton polypeptide.
K. E. Steinback and L. Bogorad (unpublished data) have shown that a 32,000 dalton protein is a major component associated with photosynthetic membranes from light-grown leaves of Z. mays but is a minor component, if present at all, in membrane preparations of plastids from leaves grown in the dark. Their time-course studies show that the 32,000 dalton "membrane protein" accumulates during the light-dependent development of Z. mays chloroplasts. Grebanier et al. (14) have shown that a 34,500 dalton protein which is the predominant labeled membrane polypeptide made by isolated maize chloroplasts contains the amino acid sequence of, and is probably a precursor of, the 32,000 dalton membrane-associated protein.
Preliminary experiments indicate that the 34,500 dalton polypeptide synthesized from maize chloroplast RNA (Fig. 4) contains many of the tryptic peptides found in the 34,500 dalton polypeptides synthesized by isolated maize chloroplasts. Put together, all these data strongly suggest that maize chloroplast DNA Bam fragment 8 encodes a 32,000 dalton membrane protein whose synthesis is regulated transcriptionally during light-induced plastid development.
In Spirodella chloroplasts, Rosner et al. (28) have shown that the synthesis of a 32,000 dalton membrane protein is paralleled by the appearance of a 0.5 X 106 dalton RNA.
Although we have been able to identify a chloroplast DNA sequence whose transcription product becomes more abundant during photoregulated plastid development, the methods we have used have several limitations. We are measuring changes in RNA pools rather than measuring transcription rates directly. A second limitation with our experimental system is the size of the DNA fragments used for the hybridization. Clearly, the larger BamHI fragments of chloroplast DNA are large enough to encode several different mRNAs. Reciprocal changes in the pools of RNAs transcribed from a single fragment may not be detected. The use of restriction endonucleases that fragment chloroplast DNA into small size classes of molecules could be used to investigate this possibility. Finally, the Southern hybridization method (20) 
